Background. Phenylketonuria (PKU) is a metabolic disease. It is manifested by a complete or partial inability to convert phenylalanine (Phe) to tyrosine and leads to increased concentrations of Phe in the blood and in other tissues, including the brain, causing irreversible neurological damage if left untreated. Lowphenylalanine diet is a key component of classical PKU therapy.
Introduction
Phenylketonuria (PKU) is currently regarded as a model inborn error of metabolism, which, if the treatment is not started immediately after birth, leads to irreversible damage to the central nervous system. Metabolic pediatrics often uses the experience gained in treating that illness over the years, from extending screening of the newborn, through the strategies of medical care for diagnosed patients, to the control of the effectiveness of the therapy. 1 A constitutive element of the strategy of complex care of patients suffering from PKU is the creation of an effective system of medical and dietary supervision that allows the patients to function in society under the conditions as close as possible to those of their healthy peers. Research conducted over the years has shown certain deficits in treated patients with PKU. At the same time, however, we are confident that to achieve the best outcomes, PKU must be diagnosed early, and the low-phenylalanine (Phe) diet effectively implemented. The strategy of medical care for patients with PKU includes, among others, the monitoring of the serum Phe levels, effectively planned and carried out visits to a dietician, and medical and psychological examinations. Both for the parents of a PKU child and for the doctor, the results of blood tests are the first step in the evaluation of the effectiveness of the treatment, and they allow the doctor and parents to modify the child's diet in order to achieve the best therapeutic effect.
In 1956 Blainey and Gulliford drew attention to the diet non-compliance during the homestay of PKU children. 2 Because they were among the first specialists working with PKU patients, one can say that the problems with the diet compliance are almost as old as the treatment of the disease itself. On the other hand, despite the time that has since passed, it is still believed that "compliance assessment measures remain inadequately defined. The direct assessment of blood Phe concentration is perhaps the best overall measure, but there is no universal agreement about the number of Phe concentrations that should be within target range and frequency or timing of measurement." 3
Objectives
The purpose of this article was twofold. Firstly, the effectiveness of PKU therapy in the first 5 years of life of a patient has been assessed on the basis of Phe levels in blood, the compliance with dietary recommendations based upon the number of visits to a specialist and the number of blood tests. In particular, we have analyzed how the values of these parameters change in time, and whether there is any internal correlation among them. Secondly, we attempted to verify a hypothesis about a link between these 3 parameters and the family background of a patient as expressed by the parental educational level and the socioeconomic status (SES) of the family.
Material and methods
A retrospective longitudinal study was conducted in a group of classical PKU patients, diagnosed from May 1999 to September 2010, who were admitted for diagnosis and treatment at the Department of Pediatric Gastroenterology and Metabolic Diseases at the Poznan University of Medical Sciences, a reference unit for PKU patients from western Poland. For the purposes of our analysis, patients with classical PKU were defined as those who require a lowphenylalanine diet to maintain plasma Phe levels within the target range of 2-6 mg% (120-360 μmol/L) and whose Phe levels without diet exceed 20 mg% (1200 μmol/L). 4, 5 The inclusion criteria were the following: neonatal diagnosis carried out with the colorimetric method, classical PKU diagnosed and continuous treatment for at least 5 years. The exclusion criterion was a chronic or acute disease which may influence PKU treatment. Our department is taking care of 57 PKU patients (37 girls and 20 boys) born between May 1999 and September 2010. All 57 patients participated in the study, with no one excluded from this group. There were 2 more PKU patients diagnosed in this period: a girl who died at the age of 2 of another disease, and a boy whose parents after 1 year of diet refused any further treatment for their son.
All records of each patient's visit to a specialist were collected from the clinical documentation for comparison with recommendations regarding the number of visits. The parents of a PKU child are informed that for the first 3 years of life the child should visit a specialist every 3 months. Later in life the control should be carried out every 6 months. The compliance percentages with these recommendations were calculated for each year of the child's life separately. We also collected information about the SES and educational level of the parents of all the patients.
We evaluated all the blood Phe concentrations collected during the first 5 years of the children's lives, with the exception made for the 1 st month, because Phe concentrations in this period are unstable. For each patient, we counted the number of tests to compare it with the recommendations. The 5-year index of dietary control (IDC) was calculated as the mean of the 12-month medians. The percentage of Phe concentrations which were within the therapeutic range was analyzed for each patient and each year of life.
Since this was an exploratory study, sample size was not calculated and all the available data was gathered. The Shapiro-Wilk test was applied to determine the normality of the data distribution. Results are expressed as medians and interquartile ranges (IQRs; means ±SD). The odds ratio (OR) was calculated to compare the following: 1) the percentage of results beyond the therapeutic range taken from the data from the first 5 years of life, 2) the number of medical visits and Phe blood sampling (compared were the the results for the years of life grouped into two groups: one group comprising the 1 st , the 2 nd and the 3 rd year of life, and the other -the 4 th and the 5 th years, the assumption being that recommendations for patients aged 1-3 years differ from those for 4-5 years of life). The 95% confidence intervals (95% CI) were calculated to estimate the precision of the OR.
Spearman's rank correlation coefficient was calculated to determine possible correlations between, on the one hand, the educational level of the mother, the educational level of the father, the SES of the family and the sex of the child, and on the other hand, the following parameters: the number of visits to a specialist and the frequency of Phe blood monitoring. Then, possible correlations between all the 6 abovementioned factors, and both IDC and the percentage of Phe concentrations within the therapeutic range were also tested with Spearman's coefficient.
The level of significance was set at p < 0.05. Statistical analysis was performed using STATISTICA v. 12 (StatSoft Inc., Tulsa, USA).
The study adhered to the Declaration of Helsinki and was approved by the Bioethical Committee at the Poznan University of Medical Sciences (approval No. 268/15).
Results
During the first 5 years of life, 57 PKU children visited a specialist 806 times and had their blood monitored for Phe 7,638 times. The mean number of visits to the specialist over the first 5 years of life was 14.1 (range: 6-29).
In the 1 st year of life, the mean number of visits was 4.7, decreasing to 2.5 in the 3 rd year and to 1.7 in the 5 th year ( Table 1) . As the recommended number of visits was lower in year 4 and 5, the lowest mean percentage of the recommended number of visits was in the 3 rd year -62%.
The mean number of blood Phe monitoring in the 1 st year was 44.4 (range: 7-73) ( Table 2 ). In the 5 th year, the mean number of blood Phe monitoring decreased to 15.3. In the 4 th and 5 th year, there were children with no blood Phe monitoring at all. The mean number of blood Phe monitoring during the first 5 years varied from 21 to 239, so from 10% to 115% of the recommended value, with the mean value of 137 (66%).
During the 1 st year of life, 32 patients out of 57 (56%) had less than 20% of Phe blood test results over the therapeutic range of 6 mg% (Table 3 ). During the 5 th year of life, there were only 15 (26%) such patients. We found no PKU child with more than 70% of Phe blood test results over the therapeutic range in the 1 st year of life. In the 5 th year of life, there were 18 such children. During the 1 st year, the mean value of blood Phe concentrations was 3.6 mg%, and the median was 3.2 ( Table 3 ). In the consecutive years, the mean value increased, reaching 7.1 mg% in the 5 th year, and the median increased to 5.7 mg%. The maximum value was observed in the 4 th year (5.9 mg%).
During the 1 st year of life, patients had statistically significantly lower odds of exceeding Phe therapeutic range than later in life (Table 4 ). Statistically significant OR were found between the number of visits to a specialist and a number of blood Phe tests in the 1 st vs 2 nd and 3 rd year of life. No relationship was found between, on the one hand, the parental educational level and the SES of the family, and on the other, the number of visits to the specialist and the frequency of Phe blood monitoring ( Table 5 ). Statistically significant correlations were found between, on the one hand, the percentage of Phe concentrations within the therapeutic range and IDC, and on the other, the number of visits to the specialist and the frequency of Phe blood monitoring ( Table 5 ). No statistically significant correlations of the parental educational level and the SES of the family with the percentage of Phe concentrations within the therapeutic range and IDC were documented.
Discussion
In this unique study comprising all PKU patients treated in our department, we aimed to assess the effectiveness of therapy and compliance with specialists' recommendations in the first years of life. It is worth emphasizing that although treatment control of PKU patients in infancy was very good, still many parents did not strictly follow given dietary recommendations. In subsequent years, significant deterioration was observed, which points to the need of further parental education and intensification of medical care. Unexpectedly, we did not observe any impact of parental education or socioeconomic status.
In an analysis of rare diseases, including inborn errors of metabolism, a common obstacle in achieving reliable results of tests is the size of the study group and IQR -interquartile range; SD -standard deviation. its representativeness for the entire patient population. If the survey covers only a part of the patient population, the risk of bias increases. The present study is unique, because 100% of the treated PKU patients in our hospital were included in the study and the whole experimental group was enrolled on the basis of uniform criteria. This allowed for a reliable assessment of patient compliance (the number of visits and blood tests, and especially the concentration of Phe) in the largest PKU patients group to date. The literature concerning the number of medical visits and practices associated with it during the treatment of PKU is not too extensive. There is no doubt that of crucial importance is the number and schedule of a PKU patient's visits to a specialist, because it is during those visits that knowledge about the disease is transmitted; these visits exert a disciplinary influence on the parents and contribute to the correction of their misconceptions drawn, e.g., from the Internet. Similarly to the recommendations on the number of blood tests, there are also recommendations on the minimal frequency of visits to a specialist. The PKU Consensus Development Conference Statement, released in 2000, suggests "regular and frequent visits to a PKU clinic". 6 The National Society for Phenylketonuria (UK) recommends as a minimum, until 2 years of life, a 3-monthly review, for patients aged less than 5 years -a 4-monthly review, and later -a 6-monthly review. 7 German recommendations 8 suggest at least 1 clinical monitoring per quarter until 4 years of age and every 3-6 months until 12 years of age. The analysis done by van Spronsen et al., 9 conducted in 17 European PKU centers in 12 countries, as a suggested frequency of clinical evaluation in the 1 st year of life gives from 2 to 12 (with the most frequent value 9), and for the next 3 years of life from 1 to 6 visits per year (with the most frequent value being 4). In the recently published European guidelines for the diagnosis and management of patients with PKU, 10 the researchers suggest a visit to a specialist every 2 months in the 1 st year of life, and then twice per year until 12 years of age. In Poznań, parents are informed that for the first 3 years of life, children should visit a specialist every 3 months. Later in life, control should be carried out every 6 months.
In the group that took part in the present study, the average number of visits to the specialist in the first 5 years of life was 14.1 (while the recommended number was 16). More than 50% of the patients did not comply with the recommendations. One-third of the visits (269 of 806) took place in the 1 st year of life. A significant part of the analyzed group also had periods without medical examination, sometimes even exceeding 1 year. The analysis of the visits is hindered by random events, such as, e.g., infections, which can cause a temporary increase of Phe in the blood, and hence should lead to a visit to a specialist. Circumstances not directly related to the disease (such as the need to obtain a certificate for the purposes of the foundation supporting PKU children) could also have had an impact on the number of visits. Despite all the factors that influenced the number of visits in this study, we observed a significant correlation between the number of visits and the number of blood tests (ρ = 0.44 at p = 0.0006). The analysis of our data disaggregated by years revealed a correlation only in the 3 rd , 4 th and 5 th year of the children's life.
It is quite difficult to compare our analysis of the number of Phe blood tests with the results of other studies due to the different attitudes to research and organization of healthcare in various countries, as well as to the different ways of presenting the results. One of such studies was conducted over 1 year in 9 European countries and in Turkey. 11 Unfortunately, due to the low number of patients in the particular age groups in some of the analyzed countries (in 7 of the countries the surveyed group of children aged up to 1 year included 6 or fewer children), it is impossible to make accurate comparisons. While in the youngest age group (up to 1 year), the median number of blood tests even exceeded the recommendations, it decreased in subsequent periods. Moreover, since the study lasted for only 1 year, there was no follow-up data. In 2002, the results of the research performed in 4 PKU clinics in the UK and Australia 12 were published. The authors reviewed the available data from the years 1994-2000 in a group of 178 patients aged 0-4 years, and of 137 patients aged 5-9 years. The median percentage of following the recommendations regarding the number of Phe blood tests in the first 4 years of life was 81%, with the IQR 63-90%. For children aged 5-9 years, the median was 86%, and the IQR 58-113%. In our results for the Poznań center, the median for the first 5 years of life was 65%, with the IQR 44-84%. The same parameters for the 4-year period were respectively 67% (the median) and 46-86% (IQR). In 2004, Waitzman et al. presented the results of their analysis of the frequency of Phe blood tests in 59 patients aged 8 years in 4 PKU centers in the USA.
The study covered the years 1980-1995. 13 The researchers found that each week of delay in carrying out the Phe test increased the probability of exceeding the recommended Phe concentration by 10%. They also emphasized that the recommendations for test frequency issued by the US Medical Research Council Working Party on Phenylketonuria 14 were not supported by any formal analysis. Viau et al. 15, 16 presented the results of a group of 55 patients, in which the average annual number of blood Phe samples was 16.5. The minimum value was 5 and the maximum was 62. Calculated according to this methodology, the average for the Poznań center was 26.7, with correspondingly lower maximum and higher minimum values. In 2013, Hartnett et al. 17 presented data on compliance to the recommendations regarding the number of Phe tests in a hospital in Vancouver, Canada. The median percentage of compliance in the first 6 months of life of the children was 98% (range: 74-125%), until the end of the 1 st year -87% (55-117%) and until 12 years of age -90% (44-127%). One of the conclusions of the Canadian study was the following: "Concomitant with the increase in Phe levels, there was a reduced frequency of blood Phe monitoring as patients with PKU aged". 16 In the Poznań center, the median percentage of compliance in the 1 st year was 90% (range: 19-140%). In 2011, Cotugno et al. 18 observed a tendency in mothers with lower education to underestimate Phe in meals, resulting in missing the target Phe range. In their study of patients in Brazil, Vieira et al. 19 considered the level of dietary compliance in patients up to 13 years old to be satisfactory if a patient's yearly median of Phe test results was lower than 6 mg%. It was found that 11 out of the 25 PKU patients in this group adhered to the diet.
In 1971, Acosta and Wenz 20 carried out an analysis of the diet adherence in a group of 101 PKU children. As an "excellent" result they defined 75% of the Phe blood levels within the target range of 2-6 mg%, as a "good" range -75% of the blood levels within the range of 2-12 mg% and as "poor" -75% of the Phe levels above 12 mg%. Noteworthy is the fact that the results do not cover the whole range of potential Phe values. The group with the best results included 49% of children under 1 year of age. The group with the worst results included 40% of children over 10 years of age. Children diagnosed early had better blood test results. In 1996, Cabalska et al. 21 stated that the results can be considered very good if Phe levels for at least 75% of the observation time are in the range of 4-6 mg%. The results of Phe were considered good if for at least 75% of the observation time they were included in the range of 6-12 mg%. Bad results were those of more than 12 mg% for 75% of the observation time.
German Collaborative Study of Children Treated for Phenylketonuria (PKU) 22 in the group of 89 children as good results described those with a median of 4.3 mg% in the 1 st and 2 nd year of life, and 5 mg% in the 5 th (there were 42 such children). In the intermediate group, 35 children were classified, with a median of 5 mg% in the 1 st , 5.8 mg% in the 2 nd and 7.4 mg% in the 5 th year of life. Poor results of 12 children were those with a median of 5.6 mg% in the 1 st year, 7.4 mg% in the 2 nd and 10.7 mg% in the 5 th year. The comparison of our results with the results of the German Collaborative Study is extremely difficult due to the passage of time and to the differences in target blood Phe. Our study showed that the blood Phe level defined in the German study as good was reached by 83% (44 out of 53) of Poznań patients in the 1 st year of life, by 51% (27 out of 53) in the 2 nd year and up to 43% in the 5 th year. By comparison, the German results for the first 5 years of life were 46%. Overall, our results confirm the findings of the German Collaborative Study that in the 5 th year of life more than 12% of patients have results that greatly diverge from those suggested in the recommendations. Somewhat thought-provoking in the German report was that results with a median over the recommended Phe levels given in the German recommendations, which is 4 mg%, were considered good.
Fisch et al. 23 presented data from a survey in 111 PKU clinics in the USA and Canada. In 20% of the surveyed hospitals, the non-compliance level was 20 mg%, in 13% of hospitals -15 mg% and in 28% of hospitals -10 mg%. In the 1 st year of life, 43% of children had target Phe blood level under 5 mg%, and 51% -between 6 and 10 mg%. Van Spronsen et al. 10 recommend out-of-the-ordinary intervention, such as increased intensity of monitoring or social worker supervision, if in patients under 12 years of age more than 50% of Phe concentrations are out of the target range for at least 6 months. Hartnett et al. 17 presented the Phe test results from the years 1991-2009. The authors assumed that good Phe control was when more than 60% of Phe test results were within the treatment range (2-6 mg%); fair control -with 30-60% such results; and poor control -when less than 30% of Phe tests were within the treatment range. Of the 33 patients in the 1 st year of life, 13 had good results, 16 -fair and 4 -poor. In the group from 2 to 6 years of age, 11 out of 29 patients had good results, 17 -fair and 1 -poor. In 12 patients (36%), the average concentration of Phe from the 2 nd month of life to the end of the 1 st year exceeded 6 mg%; till the 6 th year of life 8 (26%) such patients were found. In the Poznań center, there were 15% (8 of 53) of children between 2 and 12 months of life with an average Phe concentration higher than 6 mg%, 6 children (11%) had a good control and 21 (40%) -fair control. The difference was not statistically significant.
The major strength of this unique study is that all PKU patients remaining under care in our hospital were included. The majority of PKU studies comprised only a part of all patients remaining under care, which may have resulted in a significant bias, as it is more likely for researchers to have access to (and therefore include) patients who more strictly follow recommendations.
There are several limitations to this study. Firstly, we have studied the first 5 years of life, and therefore all the conclusions apply only to the 0-5 years age group. It would be desirable to expand the study onto older age groups of PKU patients as well. Secondly, our work focused on Phe concentrations in blood, the number of visits to a specialist and the number of blood tests, but we did not take into account the cognitive and intellectual functions, whose inclusion might have enriched the overall picture. Thirdly, the possibility cannot be excluded that patients implement the prescribed diet only shortly before blood sampling and that the Phe levels measured do not correspond to the real Phe values in the periods of time between tests.
In summary, the treatment control of PKU patients is the best in infancy, although many parents do not strictly follow the doctors' advice. In the next 4 years, over half of the patients fail to visit a specialist as many times as required, and even more fail to reach the recommended number of blood tests. Similar observations have been made regarding dietary compliance, as measured by Phe concentrations. In nearly half of the patients older than 12 months, similar percentages of correct and incorrect Phe concentrations have been detected. The process of control and therapy does not seem to depend on the level of education of the patient's parents, nor on their SES. Phenylalanine levels, however, remain correlated with the number of visits to a specialist and the number of Phe blood tests carried out.
Conclusions
Therapy effectiveness and patients' compliance in PKU is very good in infancy. However, both deteriorate in subsequent years. Moreover, they do not seem to depend on the family background. This reveals the need for systemic improvement of treatment control.
